Histone phosphorylation influences transcription, chromosome condensation, DNA repair and apoptosis. Previously, we showed that histone H3 Ser10 phosphorylation (pSer10) by the yeast Snf1 kinase regulates INO1 gene activation in part via Gcn5/SAGA complex-mediated Lys14 acetylation (acLys14). How such chromatin modification patterns develop is largely unexplored. Here we examine the mechanisms surrounding pSer10 at INO1, and at GAL1, which herein is identified as a new regulatory target of Snf1/pSer10. Snf1 behaves as a classic coactivator in its recruitment by DNA-bound activators, and in its role in modifying histones and recruiting TATA-binding protein (TBP). However, one important difference in Snf1 function in vivo at these promoters is that SAGA recruitment at INO1 requires histone phosphorylation via Snf1, whereas at GAL1, SAGA recruitment is independent of histone phosphorylation. In addition, the GAL1 activator physically interacts with both Snf1 and SAGA, whereas the INO1 activator interacts only with Snf1. Thus, at INO1, pSer10's role in recruiting SAGA may substitute for recruitment by DNA-bound activator. Our results emphasize that histone modifications share general functions between promoters, but also acquire distinct roles tailored for promoter-specific requirements.
Introduction
Covalent modification of histones is a universal mechanism regulating DNA templated processes, including locus-specific events such as transcription and DNA damage repair. For dynamic transactions during processes that are short-lived, the modifications are generally reversible and include acetylation, phosphorylation, and monoubiquitylation (Berger, 2002) .
Phosphorylation occurs in all four core histones that constitute the histone octamer, as well as in some of the histone variants and histone H1 (Iizuka and Smith, 2003; Nowak and Corces, 2004; Peterson and Cote, 2004) . Histone H3 Ser10 phosphorylation is involved in chromosome condensation and subsequent segregation during mitosis/meiosis and in transcriptional activation (Nowak and Corces, 2004) . H3 phosphorylation during gene induction was discovered in mammalian cells as an immediate early response to mitogenic stimulation, leading to transcription of c-Fos and c-Jun (Mahadevan et al, 1991) mediated by RSK2 and MSK1 (Sassone-Corsi et al, 1999; Thomson et al, 1999; Strelkov and Davie, 2002; Soloaga et al, 2003) . Other mammalian gene induction pathways involving pSer10 include upregulation of the IFNb gene by viral infection (Agalioti et al, 2002) and IKKa kinase-mediated phosphorylation in NFkB pathways (Anest et al, 2003; Yamamoto et al, 2003) . In Drosophila melanogaster, H3 pSer10 dramatically increases at heatinduced genes during the heat shock response (Nowak and Corces, 2000) .
In Saccharomyces cerevisiae the Snf1 kinase activates transcription in part through histone H3 phosphorylation (Lo et al, 2001; Lin et al, 2003) . Snf1 induces many stressresponsive pathways in yeast, including inositol biosynthesis and galactose utilization. In high inositol, transcription of the INO1 gene is strongly repressed (Jackson and Lopes, 1996) . In low inositol, the Ino2 and Ino4 basic helix-loop-helix proteins heterodimerize and bind to the INO1 promoter to activate transcription (Ambroziak and Henry, 1994) . Numerous cofactors regulate INO1 transcription, including the Swi-Snf ATP-dependent nucleosome remodeling complex, the SAGA acetylation complex, Snf1-Snf4 kinase complexes, and RNA polymerase II holoenzyme itself (reviewed in Arndt et al, 1995; Henry and Patton-Vogt, 1998) . We identified Ser10 on histone H3 as a target of Snf1 at the INO1 gene. However, it is unknown whether Snf1 is recruited to the promoter, and, if so, whether recruitment is mediated by the Ino2/Ino4 activator. Indeed, DNA-bound activators recruit both acetylation and Swi/Snf remodeling complexes (Utley et al, 1998; Knoepfler and Eisenman, 1999; Peterson and Workman, 2000) , but whether activators also recruit other histone-modifying activities is unknown.
Snf1 also regulates signaling in response to nonfermentable carbon sources. In high glucose, many genes are repressed (reviewed in Carlson, 1999) . Low glucose, or alternate carbon sources such as galactose, leads to Snf1 induction of a wide variety of genes, such as galactoseinducible GAL1. The Gal4 activator recruits the SAGA acetylation complex to activate the promoter through Spt3-dependent TATA-binding protein (TBP) recruitment (Larschan and Winston, 2001 ), Gcn5-mediated histone acetylation (Bhaumik and Green, 2001; Yu et al, 2003) and histone deubiquitylation by the protease Ubp8 (Henry et al, 2003; Kao et al, 2004) . Snf1 phosphorylates and thereby dissociates the repressor Mig1, the sole known substrate in the pathway (Treitel et al, 1998) .
Histone H3 phosphorylation of Ser10 is linked to acetylation of Lys14. In yeast, Lys14 acetylation at INO1 is partially dependent on phosphorylation (Lo et al, 2001) . Biochemical and structural studies show that binding of the Gcn5 HAT domain to the histone H3 tail is potentiated by phosphorylation of Ser10 (Clements et al, 2003) . Further, temporal linkage has been established, where pSer10 occurs prior to AcLys14 during immediate early gene activation in mammalian cells (Cheung et al, 2000) , in IFNb (Agalioti et al, 2002; Spilianakis et al, 2003) , and in NFkB regulated genes (Yamamoto et al, 2003) . In general, linked patterns suggest that combinatorial modifications of histones dictate functional outcomes (Jenuwein and Allis, 2001; Turner, 2002) . However, it is not established whether phosphorylation is usually linked to acetylation for gene activation.
Histone modifications are involved in initiation of RNA synthesis and transcriptional elongation. Coactivator recruitment and histone acetylation often occur before TBP binding. Recruitment of SAGA to GAL1 is required for optimal TBP and RNA polymerase II recruitment (Bhaumik and Green, 2001; Larschan and Winston, 2001; Bryant and Ptashne, 2003; Yu et al, 2003; Topalidou et al, 2004) . H2B ubiquitylation and deubiquitylation regulate a histone H3 methylation (me) pathway at GAL1, which in turn is linked to other mechanisms of RNA elongation (Santos-Rosa et al, 2002; Morillon et al, 2003; Zhang, 2003) . Functional consequences of combinatorial histone modifications are unknown, such as histone phosphorylation/acetylation.
In this study, we investigate Snf1-mediated histone H3 phosphorylation during induction of INO1 and GAL1. We address the mechanisms by which Snf1 is recruited to promoters, how phosphorylation leads to acetylation, and dependence of TBP recruitment on pSer10. Our studies provide evidence for Snf1-mediated histone phosphorylation in transcriptional activation of distinct signaling pathways.
Results
Snf1 is recruited to the INO1 promoter prior to H3 Ser10 phosphorylation Our previous observations suggest that Snf1 is recruited directly to the promoter during gene activation to mediate pSer10 on histone H3, and further suggest that Snf1, Gcn5, and their modified histone substrates are present at the promoter with similar timing. We used chromatin immunoprecipitation (ChIP) to test these hypotheses. Wild-type (WT) and snf1 null cells were grown in noninducing or inducing (medium lacking inositol) conditions to increase INO1 transcription (Shirra and Arndt, 1999; Lo et al, 2001) . We monitored Snf1 binding to the promoter by ChIP, and found that the signal for the INO1 gene increases in the inducing condition by approximately 14-fold ( Figure 1A , left). This signal is nearly absent in an snf1 null strain (Figure1A, right), indicating that the INO1 ChIP signal corresponds to the presence of Snf1.
A time course of induction was analyzed by ChIP to determine the relative order of appearance of Snf1, pSer10 SAGA, and acK14, at 30-min intervals. The Snf1 signal increases at 1.5 h, and is closely followed by pSer10 (at the next time point) ( Figure 1B ). SAGA is increased at the same time as pSer10, and acetylation peaks 30 min later ( Figure 1B ). This pattern of recruitment is consistent with the hypothesis that Snf1/pSer10 and Gcn5/acLys14 have a role in INO1 regulation (Lo et al, 2001 ).
Snf1 also mediates regulatory Ser10 phosphorylation at GAL1 As introduced above, GAL1 transcription is regulated by Snf1 and by SAGA. We determined whether GAL1 is regulated by H3 pSer10, and, if so, whether this is related to acLys14. We examined the growth of strains deleted for the modification enzymes or bearing substitution mutations in histones on media containing galactose (Figure 2A ). Loss of Gcn5 does not impair growth on galactose medium, whereas loss of Snf1 causes poorer growth. The gcn5snf1 double null mutant grows much worse than the snf1 null mutant (Figure 2A ). Sas3, a second histone acetyltransferase that, like Gcn5, targets histone H3 but is not known to be required for transcription (Howe et al, 2001) , shows no exaggerated sickness when deleted in combination with snf1. The deleterious effects of Snf1 or Gcn5 enzyme deletions are apparently in part due to failure to modify histone substrates, because strains bearing the double mutant histone H3 substitution S10AK14A grow more poorly than either S10A or K14A.
We used quantitative S1 nuclease RNA protection analysis to determine whether the growth defects reflect diminished GAL1 transcription ( Figure 2B ). As expected, GAL1 transcription is very low in the absence of the transcriptional activator Gal4 (upper panel). GAL1 transcription is reduced approximately three-fold in the absence of Gcn5, and is very low in the absence of Snf1, or without Gal83, one targeting subunit of the Snf1 complex (Vincent and Carlson, 1999; Vincent et al, 2001) . Analysis of histone substitution mutations (lower panel) shows that GAL1 transcription is lowered modestly in the K14A strain and three-fold in the S10A strain. In parallel with the growth assay, GAL1 RNA is even lower in the S10AK14A double mutant, dropping five-fold compared to WT. These results indicate that Ser10 phosphorylation may have a role in GAL1 transcription, and that genetic interactions between Snf1/Gcn5 and Ser10/Lys14 mutually optimize the effects of histone phosphorylation and acetylation.
ChIP analysis was performed at GAL1 during galactose induction to examine the recruitment of Snf1, pSer10, SAGA, and acLys14 ( Figure 2C ). Recruitment of enzymes was monitored at the non-nucleosomal GAL1 UAS, where the activator Gal4 binds, and histone modifications were assayed at the nucleosome-associated TATA sequence (Bhaumik and Green, 2001; Larschan and Winston, 2001 ). The level of Snf1 rises at 1 h and SAGA appears at a similar time as Snf1, but reaches a maximum slightly later. AcLys14 and pSer10 show similar kinetics, rising sharply at the time of SAGA appearance. We noted a greater acLys14 increase at these later times of induction than reported previously at a single 20-min time point (Larschan and Winston, 2001 ). We examined pSer10 in raffinose compared to galactose to distinguish derepression from activation; pSer10 increases sharply in galactose, but not under derepressing raffinose conditions (M Schwartz and SL Berger, unpublished results). We conclude that Snf1-mediated Ser10 phosphorylation plays a role in GAL1 transcriptional induction as it does for INO1.
The Snf1 protein complex (Snfc) binds to activators in vitro Previous work established that acetyltransferases are recruited to promoters through interaction with the activation domains (ADs) of DNA-bound activators (Utley et al, 1998) . We investigated activator interaction and dependency of Snf1 recruitment. We tested whether the Snf1 complex physically binds to activators. The Snf1 complex (Snf1c) was purified to near homogeneity by affinity chromatography using endogenous Snf1-FLAG. Coomassie staining shows three apparently stoichiometric bands, and mass spectrometry analysis revealed these to be Snf1 (a subunit), Gal83 (b/targeting subunit), and Snf4 (g/activating subunit) ( Figure 3A) , as previously shown (Nath et al, 2002) . Substoichiometric amounts of Sip2 (an alternate b subunit with Gal83) and very small amounts of Sip1 (the third b subunit) were also identified ( Figure 3A and data not shown).
The INO1 activator is a heterodimer composed of Ino2 and Ino4; Ino2 harbors two tandem and independent ADs (Schwank et al, 1995;  Figure 3B ). Full-length INO2 was fused to glutathione-S-transferase (GST) and expressed in Escherichia coli ( Figure 3C , lower). Snf1c associates with purified GST-Ino2-FL, but not with GST alone (Figure 3C , upper). To evaluate contributions of the Ino2 ADs, either one or both were deleted ( Figure 3B ). Loss of either AD reduces binding of Snf1c, and deletion of both ADs most strongly lowers binding ( Figure 3C , upper). Thus, the ADs are necessary for efficient association of Snf1c with Ino2. We examined whether the Ino2 ADs ( Figure 3B ) are sufficient for Snf1c interaction. Snf1c associates with GSTIno2-AD, and also associates with GST-Gal4-AD ( Figure 3C , upper), consistent with the involvement of both Snf1 and pSer10 in GAL1 transcription. Similar amounts of GST fusion proteins were used ( Figure 3C , lower) and, since comparable amounts of Snf1c associate with each fusion, there may be a similar efficiency of association between Ino2 or Gal4 ADs and Snf1c.
Ino2/Ino4 activator recruits Snf1, Gcn5, and establishes histone modifications in vivo
The association of Snf1c with Ino2 in vitro suggested that Ino2 may be required to recruit the complex to the INO1 promoter in vivo. We used ChIP assay to investigate Ino2 and Ino4 recruitment of Snf1. The Snf1 signal is greatly reduced in the ino2D, ino4D or double disruption strain ( Figure 4B ), consistent with diminution of RNA synthesis in the mutant strains ( Figure 4A ). Since Snf1 is required for pSer10 and acLys14 at INO1 (Lo et al, 2001) , we tested whether loss of activator affects chromatin modification and/or recruitment of SAGA. Deletion of Ino2, Ino4, or both lowers pSer10, SAGA, and acLys14 at INO1 ( Figure 4B ). Thus, the Ino2/ Growth phenotype of enzyme deletions and histone substitutions. Five-fold serial dilutions of strains with the genotypes indicated on the left were spotted on glucose (2% glucose) and galactose (2% galactose) plates. Phenotypes were scored after 3-day growth at 301C (top panels) and at 391C (lower panels). (B) S1 nuclease RNA protection assay of enzyme deletions and histone substitutions. GAL1 transcription from WT, deletion strains (snf1, gal83, gal4, gcn5) and histone substitution strains (S10A, K14A, and S10AK14A) under repressing (À, 2% glucose) and inducing conditions ( þ , 2% galactose; upper panel). The induced level of GAL1 transcription in each strain was normalized to internal tRNA level and then calculated as percentage of WT level. (C) ChIP analysis of histone modifications on the GAL1 promoter during galactose induction time course. Cells were collected every 60 min over a 5 h time course. Antibodies were against Snf1 (Snf1c), pS10, Spt3-myc (SAGA), and acK14. Primer pairs were located in the GAL1 upstream activating sequence (GAL1-UAS) or the core promoter of GAL1 (GAL1-TATA).
Ino4 heterodimeric activator is required for Snf1association, SAGA association, and corresponding histone modifications in vivo.
We extended these assays to determine whether the Ino2 ADs are required for recruitment. As single or both Ino2 ADs were deleted, we found a good correlation between reduction of RNA synthesis ( Figure 4C ) and reduction of ChIP signal for Snf1 and SAGA ( Figure 4D ). Recruitment of Snf1 and SAGA complexes correlates with AD-mediated transcriptional activation by Ino2.
Gal4-AD, but not Ino2 ADs, interacts with SAGA in vitro
We investigated why the Ino2/Ino4 activator is required to recruit SAGA in vivo. Two alternative possibilities are that there is direct interaction necessary for activator recruitment of SAGA, or that Ino2 may recruit Snf1c, which in turn recruits SAGA via pSer10, as suggested by our previous epistasis analysis (Lo et al, 2001) . We tested direct interaction in vitro by comparing Snf1c and SAGA binding to GST-Ino2-AD. As seen in the previous assay ( Figure 3C ), Snf1c associates with GST-Ino2-AD; however, SAGA associates poorly ( Figure 5A ).
It was surprising that SAGA bound poorly with the Ino2 ADs, as SAGA binds to activators Gal4 and Gcn4 to activate relevant promoters (Drysdale et al, 1998; Larschan and Winston, 2001 ). In contrast, only Gal4, and not Gcn4, is known to require Snf1 (we confirmed that HIS3 transcription is not reduced in an snf1D strain (W-S Lo, L Pillus and SL Berger, unpublished observations)). We then compared SAGA and Snf1c binding to Gal4 and Gcn4. As expected, both complexes associate with GST-Gal4-AD ( Figure 5A ), whereas SAGA, but not Snf1c, associates with GST-Gcn4-AD ( Figure 5A ), using similar amounts of each GST fusion protein ( Figure 5A , lower). In summary, Snf1c, but not SAGA, binds to Ino2 ADs, both complexes bind to Gal4-AD, and SAGA, but not Snf1c, binds to Gcn4-AD.
We considered an additional, trivial explanation for the inability of SAGA to bind to Ino2 ADs, that is, that SAGA is unable to bind to isolated Ino2 ADs, compared to full-length Ino2 or Ino2/Ino4 heterodimer. This was not the case: GSTIno2-FL, or GST-Ino2/Ino4-6his ( Figure 5B, lower) , like GSTIno2 ADs, interact with Snf1c but not with SAGA ( Figure 5B , upper) although GST-Gal4-AD interacts with both complexes (Figure 5B, upper) .
These data suggest that SAGA recruitment to INO1 depends upon Snf1c-mediated pSer10 in part because SAGA is not able to bind to the Ino2 activator for direct recruitment. In contrast, both Snf1c and SAGA complexes efficiently interact with the Gal4 activator, suggesting that, although H3 is modified at both INO1 and GAL1, pSer10 is involved in recruitment of SAGA only at INO1.
Snf1 and H3 Ser10 are required for SAGA recruitment at INO1, but not at GAL1 in vivo We tested the hypothesis that SAGA recruitment at GAL1 is independent of Snf1-mediated pSer10 by determining the effect of S10A substitution on acLys14 at GAL1. The prediction is that acetylation would not be affected by loss of phosphorylation, in contrast to our previous observation at INO1 (Lo et al, 2001 ). We performed a time course of galactose induction, using ChIP to compare acLys14 and pSer10 at GAL1 in WT and S10A strains. As before (Figure 2C ), the levels of both acLys14 and pSer10 increase, reaching a high level at 3 h ( Figure 6A ). The pattern of acLys14 in the S10A and WT strains is nearly identical here at GAL1 (Figure 6A and B) , whereas, at INO1, a significant decrease in acLys14 occurs in the S10A strain (Lo et al, 2001 ). As expected, there is nearly no pSer10 signal in the S10A strain ( Figure 6A ). These data indicate that pSer10 is not required for acLys14 at GAL1, in striking contrast to INO1. Considering these results, we then directly compared recruitment of SAGA to the INO1 and GAL1 promoters. ChIP was done in a WT strain, an snf1D strain, and an S10A substitution strain. SAGA recruitment and acLys14 are both strongly reduced at INO1 in either the absence of Snf1 or upon substitution of Ser10 ( Figure 6B, left) . Thus, it appears that pSer10 is required for SAGA recruitment at INO1. In contrast, neither SAGA recruitment nor acLys14 is reduced at the GAL1 promoter in the snf1D or S10A strains ( Figure 6B , right). As expected, both Snf1 and pSer10 ChIP signals are low in the snf1D and S10A substitution strains at both promoters. Thus, SAGA recruitment is strongly dependent upon pSer10 and Snf1 at the INO1 promoter, but not at the GAL1 promoter.
H3 Ser10 phosphorylation is required for TBP recruitment both at INO1 and GAL1
TBP recruitment is essential for transcriptional initiation at many genes, such as INO1 and GAL (reviewed in Hampsey, 1998) . Since pSer10 correlates with optimal INO1 and GAL1 transcription, but SAGA recruitment requires pSer10 at INO1 and not at GAL1, we hypothesized that TBP recruitment might be defective at both promoters. We compared the TBP level to that of trimethylation (me) of Lys4 (meK4) in histone H3 using ChIP analysis. Dimethyl K4 has a high steady-state level in ORFs , while trimethyl K4 increases at the 5 0 end of genes during their induction (Briggs et al, 2002; Santos-Rosa et al, 2002) , having a likely role in transcriptional elongation (Zhang, 2003) .
The level of TBP increases at the TATA box region in the inducing condition for each promoter ( Figure 7A ). TBP recruitment in the S10A strain is reduced five-fold at INO1 and nearly 20-fold at GAL1 ( Figure 7B ). In contrast, the level of meLys4 is lowered only marginally at either promoter ( Figure 7B ). These data indicate that pSer10 is involved in TBP recruitment at both INO1 and GAL1.
Discussion
Histone covalent modifications occur in linked patterns. Although a number of patterns have been identified, it is not yet well understood how these patterns develop, nor whether modifications are generally linked to regulate a common mechanism, such as phosphorylation/acetylation in transcriptional activation. In this study, we explore the establishment and function of Snf1-dependent histone H3 phosphorylation in gene regulation. Previously, we reported that INO1 is transcriptionally regulated in part by linked H3 modifications: Snf1-mediated pSer10 and Gcn5-mediated acLys14. Here we describe a pathway at the INO1 gene that establishes pSer10 and then links it to acLys14. We also newly identify GAL1 as a second Snf1-regulated gene that is subject to regulatory H3 phosphorylation. We detect both common and distinguishing features of Snf1-mediated phosphorylation for transcriptional regulation of INO1 and GAL1, supporting the idea that linked modifications may impart exquisite specificity for chromatin-mediated processes.
A pathway linking pSer10 and acLys14 at INO1
In this study, we addressed the question whether Snf1 is recruited to promoters that undergo pSer10 during induction. We showed that Snf1 associates with the promoter regions of INO1 and GAL1 and that an increase in Snf1 precedes the increase of the pSer10 mark. The mechanism of Snf1 association with the promoter is similar to other histone/chromatin regulatory factors which are brought to the promoter via direct activator/repressor interactions with coactivators/corepressors. This has been shown for HAT and HDAC complexes, as well as Swi/Snf (Peterson and Workman, 2000; Sterner and Berger, 2000) . We detect in vitro interaction between Snf1c and the ADs of Ino2/Ino4 (or Gal4, see below). The interaction point within Snf1c for activator association may involve the b targeting subunits Gal83, Sip1, and Sip2, since the targeting subunits have distinct functions (Vincent and Carlson, 1999; Schmidt and McCartney, 2000; Vincent et al, 2001; Lin et al, 2003; Vyas et al, 2003) .
Consistent with the in vitro interaction, Snf1 recruitment to INO1 and induction of pSer10 in vivo require the heterodimeric activator complex Ino2/Ino4. Thus, in mechanistic parallel to recruitment of HATs (SAGA, NuA4 and CBP/ p300), the histone kinase Snf1 appears to be brought to the promoter by direct interaction of a multicomponent Snf1 complex with DNA-bound activator. Recently, Snf1 has been shown to interact with the activator for heat shock genes, HSF (Hahn and Thiele, 2004) , suggesting that pSer10 may induce heat shock gene transcription in yeast, as in Drosophila (Nowak and Corces, 2000) . In addition, the kinase IKKa is recruited to promoters of certain NFkB-responsive genes for H3 pSer10/acLys14, suggesting a linked pathway as we have demonstrated for INO1. Thus, although the mechanism of recruitment is still unknown for these cofactors, it may be that, similar to HAT recruitment, histone kinases associate with activators as a common mechanism for recruitment to promoters.
Our study also shows that, following Ino2/Ino4 activator recruitment of Snf1c, the pSer10 modification leads to SAGA recruitment to the promoter and acLys14. We and others have shown that histone acetylation by the Gcn5 HAT domain is enzymatically stimulated by pSer10 in vitro (Cheung et al, 2000; Lo et al, 2000) , although assay conditions may be critical to detect the stimulation (Shogren-Knaak et al, 2003) . In addition, enzyme kinetic and X-ray structural studies show that binding of the Gcn5 HAT domain is strengthened and side-chain interactions with the histone substrate are increased by pSer10 (Clements et al, 2003) . Thus, it may be that functionally significant recognition of pSer10 is accomplished by the Gcn5 HAT domain itself. Alternatively, there may be additional modules within SAGA such as the Gcn5 or Spt7 bromodomains or the Ada2 SANT domain, which bind to histone tails (Boyer et al, 2002; Hassan et al, 2002; Sterner et al, 2002b) . In this latter case, there may be a transfer or 'hand-off' of SAGA from pSer10 following initial binding for subsequent Gcn5 HAT domain interaction with pSer10. Our data here show that SAGA recruitment correlates with pSer10, and thus provide significant evidence to support and extend the previous model that H3 acetylation requires Snf1 and intact Ser10. The timing of recruitment at the promoter (Snf1 associates first, then pSer10, followed closely by SAGA and acLys14) is consistent with functional dependency. Secondly, and importantly, loss of Snf1 or mutation of Ser10 results in loss of both SAGA recruitment and acLys14 to the promoter. Further, there is a striking inability of SAGA to interact with the Ino2/Ino4 activator, in contrast to the ability of Snf1c to interact with Ino2/Ino4. Together, these observations suggest that the inability of Ino2/4 to recruit SAGA leads to an alternate and parallel recruitment strategy through SAGA's association with pSer10.
SAGA recruitment differs between GAL1 and INO1 promoters
We show that GAL1 is an independent promoter regulated by Ser10 phosphorylation. Supporting this observation is that a substitution mutation in histone H3 of Ser10 lowers expres-
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WT S10Pi S10A S10Pi sion of GAL1 RNA and that Ser10 is phosphorylated in an Snf1-dependant fashion in vivo during GAL1 gene activation. Notably though, in contrast to INO1, where SAGA recruitment depends upon Snf1-mediated pSer10, SAGA recruitment at GAL1 is not dependent on Snf1 or pSer10. These data indicate that, although Ser10 phosphorylation is commonly required for full transcription of both promoters, the role of Ser10 phosphorylation in direct recruitment of SAGA differs between them.
Given the requirement for Snf1-mediated pSer10 in GAL1 transcription, and the similar timing of Snf1/pSer10 and SAGA/acLys14 at the promoter, it is surprising that SAGA recruitment is independent of Snf1 or pSer10 in vivo. Instead, the Gal4 activator interacts with both Snf1c and SAGA in vitro, and can recruit both complexes in vivo. Thus, it appears that recruitment of SAGA at INO1 requires pSer10 because the activator Ino2/Ino4 is not able to directly bind to SAGA, whereas GAL1 is distinct in part because Gal4 is able to associate with both complexes. Some elements of this dissimilar dependency remain to be dissected, yet there are other examples of contrasting patterns of chromatin alterations and recruitment. For example, at the yeast HO promoter, Swi/Snf is recruited before SAGA and is required for SAGA recruitment (Cosma et al, 1999) , whereas at the mammalian IFNb gene it appears that acetylation occurs before Swi/Snf recruitment (Agalioti et al, 2002) . In vitro, Swi/Snf utilizes SAGA-dependent acetylation to stably associate with promoters (Hassan et al, 2001) , suggesting that acetylation occurs first to recruit Swi/Snf. An example of independence of phosphorylation and acetylation is also found in D. melanogaster, where pSer10 appears to play a major role in regulation of heat-shock-responsive genes, yet may not be linked to acetylation (Labrador and Corces, 2003) .
pSer10 is required for TBP recruitment
Ser10 phosphorylation occurs at both INO1 and GAL1. Since pSer10 appears to be required for transcription, but is not required for SAGA recruitment to GAL1, we examined other possible effects of pSer10 loss. Two contrasting events in transcription are TBP recruitment to the TATA box during initiation and histone H3 trimethylation at Lys4, which increases at the 5 0 end during the transition from initiation to elongation (Hampsey and Reinberg, 2003) . We found that TBP association with either the INO1 or GAL1 promoters was strongly reduced in the S10A strain which is unable to phosphorylate Ser10, yet trimethyl K4 was only modestly lowered. Thus, diminished TBP recruitment is a common feature of these two pSer10-dependent promoters. Perhaps consistent with this commonality is the identification of TBP mutants that cause severely impaired induction of INO1, GAL1, and GAL10 genes (Arndt et al, 1995) . It is an attractive possibility that some of these TBP mutants may be defective in recognition of pSer10. A second perhaps relevant observation is that TBP is regulated at INO1 by an unknown substrate of Snf1 that is distinct from the Snf1-phosphorylated repressor Mig1 (Shirra and Arndt, 1999) ; this substrate could be histone H3.
This apparent requirement for pSer10 in TBP promoter targeting could be caused by several mechanisms. It could be that TBP, or a TBP-associated factor, may directly bind to pSer10 when present at the TATA box. As described above, certain specific domains within chromatin-related proteins associate with covalently modified histones. For example, bromodomains of CBP/p300, Gcn5/PCAF, Taf1, and other proteins associate with acetylated lysines in histones H3 and H4 to regulate gene induction (Marmorstein and Berger, 2001) . Following these and other examples, TBP may show a preference for binding to TATA sequence associated with phosphorylated nucleosomes.
A second mechanism is illustrated by the example of INO1, where SAGA recruitment is potentiated by pSer10. SAGA contains proteins that directly interact with and regulate TBP binding at promoters. Spt3 positively regulates TBP at GAL1, and TBP binding is significantly reduced (about 13-fold, which is similar to the reduction of 20-fold in the S10A strain) in an spt3 deletion strain (Larschan and Winston, 2001) . As TBP binding in vivo requires Spt3, the requirement for intact Ser10 for TBP binding at INO1 may be due to reduced SAGA association.
A third mechanism is that pSer10 may cause an alteration in SAGA conformation or function to promote TBP recruitment. Spt3, Spt7, and Spt8 each have a role in TBP recruitment or regulation (Sterner et al, 2002a) , thus it is possible that their activity is altered in the presence of pSer10.
Model for recruitment and function of Snf1 and pSer10
We observe that Snf1-mediated histone H3 phosphorylation has a significant role in regulating both the INO1 and GAL1 genes. There appear to be common and distinct mechanisms regulating the promoters that relate to the status of pSer10 (Figure 8 ). There are two common mechanisms. First, the activators for each promoter contribute to recruiting Snf1c for Ser10 phosphorylation (upper panel). Second, pSer10 plays a role in the recruitment of TBP (lower panel). However, the recruitment of SAGA distinguishes the two promoters: whereas the Gal4 activator can apparently directly recruit SAGA to GAL1, in contrast, pSer10 recruits SAGA to INO1 (middle panel). Further examination of the role of histone phosphorylation will continue to define common themes in gene regulation as well as to identify distinct mechanisms used to establish patterns and temporal orders involving this modification.
Materials and methods

Plasmids
Plasmids expressing GST fusion full-length Ino2 (pGST-Ino2FL) and Ino2-AD (pGST-Ino2-AD) were constructed by inserting the sequences encoding amino-acid residues 1-304 (FL) and 1-100 (AD) of Ino2 into pGEX-5X-1 (Pharmacia). Deletions of Ino2 ADs (Ino2-ADID: deletion of aa 1-27: Ino2-ADIID: deletion of aa 28-100; Ino2-ADI & II: deletion of aa 1-100) were generated within pGSTIno2FL using the QuikChange site-directed mutagenesis kit (Stratagene). Yeast expression plasmids containing Ino2 and its AD deletions were constructed in two steps: first, the INO2 promoter sequence (600 base pairs upstream of the starting codon) was generated by PCR amplification from yeast genomic DNA and inserted into pRS315 (CEN/ARS, LEU2) with three copies of HA tag and an ADH1 terminator cassette at 3 0 end of the INO2 promoter (pINO2-HA); second, the full length and AD mutants of INO2 from the series of GST-Ino2 fusion constructs described above were subcloned into pINO2-HA. PCR amplification products and deletions were verified by sequencing.
Yeast strains and antibodies
WT yeast strain SB301 (MATa his3D200 leu2D1 ura3-52 trp1DhisG), gcn5 null mutant strain SB303 (MATa gcn5HHIS3 his3D200 leu2D1 ura3-52 trp1D hisG, a trp1 derivative of FY1369), FY1370 (Lo et al, 2000 (Lo et al, , 2001 , snf1 null strain LPY7091 (snf1HTRP1), and ino2 null strain LPY7860 (ino2HHIS3) were constructed as described previously (Longtine et al, 1998) . LPY7097 (MATa gal83HKanMX), LPY7099 (gal4HKanMX), LPY7861(ino4HKanMX), LPY7862, and LPY7589 (sas3HKanMX) were generated by transformation of SB301with individual PCR-amplified genomic DNA from a 300 base pair region surrounding the target genes disrupted with the KanMX cassette (ResGen). Double mutation strains (snf1gcn5, snf1sas3, and ino2ino4) were generated from mating of haploid single mutation strains followed by sporulation and selection. For mutants with histone mutations, strains were constructed by transforming FY1716 (MATa his3D200 leu2D1 lys2-128 trp1D63 ura3-52 hht1-hhf1HLEU2, hht2-hhf2HHIS3, pDM9[HHT1-HHF1-CEN-URA3]) with histone mutation plasmids (HHT2-HHF2-CEN-TRP1 ). The WT histone plasmid, pDM9, was lost by selection in 5-fluoro-orotic acid (5-FOA) media. Epitope tagging was performed as described previously (Longtine et al, 1998) , and was verified by PCR and Western blot analysis.
The Snf1 peptide antibodies were generated for this study and specificity was demonstrated in vitro on peptides and in vivo using an snf1D strain. The pSer10 peptide and recombinant Ada2 antibodies were generated previously (Candau and Berger, 1996; Lo et al, 2001) . Yeast TBP antibody was a gift from S Buratowski. All other antibodies were purchased from commercial vendors (Upstate or Abcam). S1 nuclease protection assays were performed as described previously (Lo et al, 2000) (Henry et al, 2003) .
Snf1 and SAGA complexes were purified from yeast (WT or Snf1-Flag strain) as described previously (Grant et al, 1997; Lo et al, 2001) . Ion trap mass spectrometric sequencing of proteins that cofractionated with Snf1 was done by D Speicher (Wistar Institute). The Mono Q fractions containing the SAGA complex were also confirmed by Ada2 and Ada3 antibodies.
Chromatin immunoprecipitation (ChIP)
ChIP was performed as described previously (Dudley et al, 1999; Kuras et al, 2000) . The linearity of PCR reactions was shown by multiple template dilutions of input (Inp) and immunoprecipitated (Ip) DNA and varying the number of PCR cycles. Gene-specific PCR was usually 28-30 PCR cycles. Control PCR for IntV was performed at 35-40 cycles, in order to detect a background signal for normalization. In general, Ip DNA samples were initially diluted 1:100 and inputs were diluted 1:12 500 with ultrapure water. Genespecific PCR product was normalized by a control PCR product amplified from a noncoding region of chromosome V. PCR products were separated on a 2% agarose gel and the signal was determined by fluorography after ethidium bromide staining, scanning, and quantification using AlhaImager TM 1220 (Alpha Innotech Corp.). Primer pairs used for PCR analysis are available upon request.
Bacterial protein expression, purification, and GST pulldown assay were as previously described (Barlev et al, 1995) with minor modifications. Model for the establishment of pS10, acK14, and recruitment of TBP. The upper panel shows Snf1c recruitment by activators for both INO1 and GAL1 genes to establish pSer10. The middle panels show two putative mechanisms for establishment of acLys14: at INO1 pS10 sets up acK14 via SAGA recruitment, whereas at GAL1 the activator recruits SAGA. Lower panel, TBP recruitment is mediated by pSer10 at both genes.
